In connection with photochemistry of the nonconstra1ned Ph-C=N-0 system, those of severa1 2-isoxazo1ine derivatives containing cyc1obutene, cyc1obutane, cyclopropane and cyc1ohexane rings, have been investigated as the mode1s of the rigid and constrained Ph-C=N-0 system. In most cases, such 2-isoxazo1ines, upon irradiation, underwent the nitrogenoxygen bond fission as the primary process, and produced a variety of products depending on the structures of the starting materia1s. For instance, the irradiation of 4~ary1-2-oxa-3-azabicyc1o[3.2.0]hepta-3,6-dienes afforded 2-ary1-1,3-oxazepines, sometimes accompanied by pyrro1e a1dehydes, whereas 2-isoxazo1ines fused with sma11 ring yie1ded ß-aminoa1dehydes, oxazo1ines, azirine a1dehydes, and sma11 fragments such as benzonitri1e. The photochemica1 reaction mechanismsof severa1 2-isoxazo1ines have been studied using 1ow-temperature technique. In addition, the pyro1ytic reactions of 4-pheny1-2-oxa-3-azabicyc1o[3.2.0]heptadiene and 1,3-oxazepines as we11 as their va1ence isomers have been examined to compare with their photochemica1 behavior. It was found that in pyro1ysis of bicyc1o[3.2.0]heptadiene derivatives containing the C=N-0 or N=C-0 gnoup, the cyc1obutene ring fission occurs prior to the nitrogen-oxygen or carbon-oxygen bond c1eavage. Reaction mechanisms for the deep-seated rearrangements of the 1,3-oxazepines and of 2-oxa-3-azabicyclo[3.2.0]hepta-3,6-dienes to pyrro1e a1dehydes were discussed. The resu1ts indicate the major differences in the chemica1 behaviors of the photo1yti-ca11y and therma11y excited states for those heterocyc1es.
INTRODUCTION AND HISTORICAL BACKGROUND OF OUR STUDIES
Severa1 years after the de Mayo's first pub1ication on photochemica1 Beckmann rearrangement (ref. 1) , we started our studies on imine compounds photo1ysis which was 1itt1e known compared to that of carbony1 compounds at that time. At first, we investigated the photoreaction of 1,1-dimethy1-2-naphtha1enone oxime (1) (ref. 2) expecting to observe a photo-a-cleavage reaction mechan~t~ ca11y sTmi1ar to the Type I c1eavage reaction of carbony1 compounds. Contrary to our expectation, we noted good evidence for the formation of an oxaziridine intermediate which bad been suggested (ref. 1) and subsequently proved (ref. 3) by de Mayo as an intermediate in the photo-Beckmann rearrangement. Fortunate1y, the oxaziridines from (1) and styry1ketone oxime ·(2) were re1atively stab1e at room temperature.
Tllis enab1ed us to examine die photoreaction of (!} in detai1, thus 1eading to the sequence out1ined in Scheme 1. As the resu1ts, the comp1ex photoreactions of oximes were c1arified (ref. 4 Our effort was then extended to cover photochemistry of a-dioximes and furazan (5) . Independently from Cantrell's study (ref. 6 ), we found a double cleavage-recombination reaction giving oxadiazole (6) and furazan oxide (7) (ref. 5 ). In addition, we pointed out the dual property of benzonitrile oxide formed during irradiation (ref. 7) . Another intriguing example of the double cleavage reaction was the photoreaction of benzo-(!D and naphthofurazan wherein complicated.products were formed presumably arising from highly reactive intermediate (9) (10) were obtained in excellent yields (ref. 9) . It was also suggested tha~the addition reactions of various substrates such as, unsaturated compounds, alcohols or amines, to (9) might provide a novel synthetic approach for nitrile derivatives having-phenyl or vinyl group (ref. 10) . The photochemistry of heterocycles (S) and (8) stimulate our interest in photochemical behavior of a constrained ~=N-0 system, and led us to examine photolysis of 2-isoxazoline fused with a cyclobutene ring. Before our study, we learned that certain 2-isoxazolines, upon irradiation, could undergo the nitrogen-oxygen bond fission (ref. 11) . On the other band, the Padwa's elegant study revealed that, for 0-methyl ethers of acetophenone oxime, the syn-anti isomerization along with non-radiative decay provided the major route for deactivation of the excited state without any bond fission (ref. In order to identify the precursor leading to (12) , th.e change of the uv spectrum of (11) is monitored, as shown in Fig. 1 . ~rve a is the uv spectrum of (11) and Cürve b that after irradiation with light of '!68 -272nm for a short time where only-17% of (11) has been converted to intermediate (A) having .max at 266nm, and curve c-that after heating of b at 80°, It is äpparent that curve c is a summatTon of curve a and d, the-latter being due to (12) These changes show the exsistence of Tntermediate (A) which 1s thermal!Y converted to (11:). Fig. 2 shows the absorption spectrum o'f (11) and the emission spectra o~l1), E-3-(3-phenylazirin-2-yl)acrolein (lJT and intermediate (A~ The remarkab!ä res_emblance between the fluorescence spectrum of (A) and that of (18) 
Sequential changes in the uv 200 300 400 nm spectrum of (11) after irradiation and followed by suosequent heating Subsequently the intermediate (A) have been isolated as a labile oil in a 12% yield and been identified as Z-3-(3-phenylazirin-2-yl)acrolein (17) from its spectral data (see Fig. 1-a) and chemical evidence.
Upon heating at 40-50° or irradiation with light of 300nm, (17) produces 2-phenyl-1,3-oxazepine (12) in excellent yields. Although another-example of the thermal transformation of Z-azirinylacrolein into 1,3-oxazepine was also discovered re~ently by Le ~oux (ref. 24) , we have observed in addition a temperature effect in the photochemical transformation of (11) to (g_) .
The results are summarized in Table 1 . While irradiation of-rll) at -78° or -196° gives no 1,3-oxazepine (12) , the yields of (12) increase as the temperature is raised. The evidence substantiates thar-a thermal process intervenes in the path from (11) to (17) and from C.!..Z) to (g_) . When a solution of (11) is irradiated with light of 255-280nm at -196°, the photolysate turns deep yellow and exhibits the uv maxima at 390 and 480nm (see Fig 3) . Various structures such as 1,2-oxazepine (14), nitrile ylide (19) or (20), the nitrogen-oxygen bond cleaved species (21) can be suspected for this species. For comparison, the uv spectrum of (1~ is measured under the same condition, and the spectrum having maximum at 390nm is ob~ained (see Fig. 3 ). This spectrum should be attributed to nitrile ylide (20) Uv spectra of the irradiated samp1es of C!!) and (!!) at -196° and nitrile ylides exists at low temperatures (ref. 25). Although it seems difficult how illustrate the maximum at 480nm, the ylide structure (19) or (20) could be assigned to the irradiated species of (11). The low temperatüre ir spectrum of the irradiated sample of (11) exhTDits the absorption at 2230cm-l, suggesting the presence of the nitriie ylide. However, there is no evidence to indicate that ylide (19) or (20) leads to 1,3-oxazepine (12) . The reaction paths leading to pyrrore aldehyaes (15) and (16) (15) but also 17% of pyrrole 4-=ä"ldehyde (16) are formed. The formation of (16)is not quite straightforward, butcan b.e accommodated by the pathway1nvolving an internal crossed 1,3-dipolar addition in the nitrile ylide (19) , as well as the phototransformation of (12) to (19) . The photochemical conversion of (15) to (16) is ruled out by thecontrolled experiment performed under the samecondition (ref. 27 ). The plausible paths for the formation of (12), (15), and (16) starting from (11) are summarized in Scheme 3.
------Subsequently thephotochemistry of 4-aryi~ 2-oxa-3-azabicyclo f 3. 2. 01 heptadienes carrying a substituent in the 4-aryl group is investigated. This corresponds to an investigation on the Substituent effect on the Ph-C=N-0 chromophore. The results are summarized in Table 2 tagether with the quantum yields. The quantum yields are determined by measuring uv spectra of the 1,3-oxazepines formed after heating the irradiated solution on our observation that such a thermal treatment converts the intermediate, 3-aryl-2H-azirinylacroleins to the 1,3-oxazepines quantitatively. Most of the compounds that can give the 1,3-oxazepines exhibit fluorescence, and their 0-0 bands .are also listed in Table 2 . Thus the 0-0 bands might not be due to the n-w• or C-T excitation. Consequently photoreaction of these bicyclic heterocycles is considered to arise from the w-w* singlet state. It should be noted that there is no solvent effect in the photoreactions (see quantum yield in CH CN). In order to learn more about the nature of the interm~diates in the photoconversion of the 2,3-oxazabicyclo[3.2.0]heptadienes to the 1,3-oxazepines, we also have investigated the photoreaction of 3-phenyldihydrobenzocyclobutaisoxazole (30) (ref. 28) , in which only Z-form azirine aldehyde can be formed. When irradiition of (30) in cyclohexane with light of 268-272nm is followed by uv spectroscopy, a-set of isosbestic points is recorded (see Fig. 4 ); curve a is the uv spectrum of (30) and b that of o-(3-phenyl-2H-azirinyl)-benzalaehyde (31) . Although th~photocönversion of (30) to (31) is clean, the preparative scale photoreaction results in the complex proaucts from which (31) is obtained in 26% yield. The photochemical and thermal reactions of (31)-are not simple and require further investigations. Separate irradiation--of either (30) or (31) at -196° affords ylide (32) , and the spectra are shown in Fig. 5 .~ate or-the formation of (32) from-r30) is slower than that from (l!), and much slower than that of (19)-rrom (!l)-rsee There are several p6ints of particular interests in thTs serTes of pnotoreactions. The primary photochemical step of these isoxazolines seems to be the nitrogen-oxygen bond fission, but subsequent processes may depend on their structures. The fragmentation caused by the presence of the cyclopropane ring is particularly noteworthy but it is difficult to know whether the three bond cleavages in {33) occur in concerted manner or in a stepwise manner via diradical. The ring-strain affects rate of the'photoreactions; generally the rate is faster, as the strain becomes larger. The recombination process of the intermediate radical, such as (41), competes with the other secondary process ·(see the quantum yields in Table 3 ). The corresponding azirine aldehydes can be isolated in the ph'otolysis of (34), but not in those of (~,2) and (~). The reason is that, in azirine (39)-;-the two-carbon bond is not long enough to undergo internal addition, whereas in the latter cases the longer linkage does not prevent it. Difference in the addition mode (40) and (!!) may be violating cases and are presumed to stem from restricted orientation of the azirine and the aldehyde groups. Photolysis of the simplest derivative t37) in cyclohexane leads mainly to the nitrogen-oxygen bond fission along W'ith the double cleavage reaction producing 6"--a1ninoaldehyde C47) and benzonitrile in 62% and 23% yields. The result is compatible with tnat of 3,4-diphenyl-2-isoxazoline, but not with those of 3,5-diphenyl and 3,4,5-triphenyl derivatives(ref.l2, 13, 15, & 16). The discrepancy may be attributed to factors such as substituent (or conjugate) effects, steric effects, and strain effects,etc (ref. 16 ). Thus, we may conclude that the key photochemical process is the nitrogen-oxygen bond cleavage in the constrained Ph-C=N-0 system, which is in sharp' cantrast to the deactivation without bond fission in the non-constrained Ph-C=N-0 system (ref. 17). Whiie no emission spectra were observed in 0-methyl ether of acetophenone oxime (ref. 17), all 2-isoxazolines discussed here exhibit fluorescence and their 0-0 bands are shown in Table 3 . The quantum yields of the depletion of 2-isoxazolines are also listed in Table 3 . Except for the strained compound (33), all listed compounds and (11) exhibit similar shapes in their_fluorescence spectra having fine structures (see Fig. 2 ). Furthermore, their 0-0 bonds are located almost in the same position (see also - Table 2 ). Such a similarity in the fluorescence spectra and lack of a.blue shift in polar solvent suggests that the photoreaction of these 2-isoxazoline derivatives takes place from their c~-~*) singlet states. However, the uv and esr profiles of the photolysate recorded at -196° show some difference between those of bicyclic 2-isoxazolines (11) and (30), which have the fused cyclobutene ring, and other derivatives (34) ana ClL)· For instance; the esr spectra are observed for (11) and (30), out not for (1!) and (ll). Such indistinct signals shown in~ig. 6 arenot useful to discriminate the species concerned. However at least it is suggested that they arenot triplet diradicals, but probably escaped nitrogen-radicals resulting from hydrogen abstraction. The uv spectrum of a low temperature photolysate for (34) is shown in Fig. 7 . In comparison to those of (19) and (32) (Fig. 3 and S)t:he absorption maximum of the interm.ediate appearsat a mucnshorter wavelength region at around 250 nm. Since the uv maximum of the ylide of 3-phenyl-2,2-dimethylazirine has been reported by Schmid et al tq appear at 277nm (ref. 25) and also since 3-(azir'inyl)propanal (39) exhibits a maximum at 242 .. 5nm (Fig. 7) , the intermediate species might De assigned either as the ylide (49) Uv spectra of(34) and its irradiated sample.at -196° and that of (39) at room temperature.
Summarizing the low temperature photolyzing experiments of (11), (30) , (34) , and (37), it should be noted that the electronic excitationsof theformer three!Compounds can lead to the corresponding azirine aldehydes (17), (31) , and (39) at -196°, and that of (37) reverts to its ground state. -ntus,1t is concluded that the four membered ring of the intermediate species (21) has an important role in the subsequent secondary processes such as thering opening affording azirine aldehydes or the recombination. to the starting materials. In connection with the photochemistry of 2-isoxazoline derivatives fused with a cyclobutane ring, such as (34), we have looked into photochemistry of the dimers of 3-phenyl-2-isoxazole(SO) and their related compounds as our next problem. The addition reaction or-(lJJ to benzonitrile oxide results in the formation of syn head-to-head (. §_!),anti head-to-head (52), and anti head-totail isomers (53). Apriori it is suspected that the döüble cleavage of the nitrogen-oxygen-bond and the cyclobutane ring cleavage might repeat by a single photon pröcess as shown in Scheme 6. However, the (2+2) type elimination occurs not only by irradiation but also in their thermal reactions. For instance, all of these dimers, upon irradiation with light of 300nm (Rayonet reactor) or heating at 400°, decompose to (SO) in excellent yields. The structurally related 2-isoxazoline derivatives (54) and (55) undergo the similar type reactions by irradiation or heating~ Since T!4) and (55) contain both the R-C=N-0 and the conjugated diene chromophors;-irradiation with light of 300 or 254nm (Rayonet reactor) results in the (2+2) type elimination to give benzene and the corresponding 3-substituted 2-isoxazoles (SO) and (56), bothin good yields. Such photochemically induced monomerization is nor-so suprising and might be regarded as the same type of photodissocia-tion of the dimers of cyclic a,ß-unsaturated ketones, wherein the monomerization instead of a-cleavage reactions, occurs even by excitation of the carbonyl group.
g, 52
A--r---n-R In connection with the photochemistry of the dimers, those of S,S-bi(2-1so-xazolinyl) type compounds such as (57) and (58) have been studied (ref. 36) . When the uv spectra are monitared inphotolySTs of a di1ute solution of (57) or (58), the isosbestic points are observed. In spite of the clean uv -changes, the preparative scale photochemistry is relatively complex, and ß-(2-isoxazolin-5-yl)aminoaldehyde (59) was obtained from the photolysate of (57). On the other hand, the irradiation of (58) produces S-aminochalcones Among the photochemistries of 4-phenyl-2-oxa-3-aza-(11), and 3-phenyl-2-oxa-4-azabicyclo[3.2.0]heptadienes (13) and 2-phenyl-!;3-oxazepine (12), the most intriguing finding is that tne nitrogen-oxygen bond fissionprecedes the cyclobutene ring opening in bicyclic isoxazoline system (11) (see Scheme 3). It is well known that the heterocycles containing C=N-0 group, such as isoxazoles and isoxazolines, generally undergo the nitrogen-oxygen bond fission either by irradiation (ref. 37 & 38) or by heating, (ref. 19 & 39) . On the other hand, the thermally induced bond fission seems more difficult to occur in oxazoles and oxazolines (ref. 40 & 41) , although a few examples are reported (ref. 40 & 42) . In connection with these facts, it is of interest to learn difference in chemical behavior between photochemically and thermally excited (11), (12}, and (13). Among them, 1,3-oxazepine (12) , upon heating at 160°1n benzene solution reacted cleanly to 2-phenyl-3-=llydroxy-pyridine (68) in quantitative yields (ref. 23 ). Other compounds (11) and (13) are reTatively stable under such conditions. Thus, high temperature decomposition is attempted not only with (11) and (13) but also with (12), (ref. 43 & 44) . When a benzene solution or-these compounds is passed tnrough a column containing quartz helices preheated at 450°, several products are obtained as shown in Table 4 . With the exception of the formation of 2-phenyl-3-hydroxy-pyridine (68) from (12) and (13), and of the formation of 6-phenyl-2-pyridone (69) from-rll), arr of these heterocycles suffer from a deep-seated rearrangement lea4Ing to pyrrole derivatives (16) , (70), (71), and (72) ( Table 4) . It should be noted that there exists a similarity in-rhe typesland yields of the products among these pyrolyses. This apparently suggests the presence of a common intermediate. As it is known that N-acyl pyrroles, upon heating or irradiation, undergo a facile acyl migration (ref. 45) , N-formyl-2-phenylpyrrole (70) is considered to be the primary product, which in turn, transforms into ötb.er pyrrole derivatives. This expectation has been supported by the results obtained in the 'pyrolysis of (70) under the same conditions, in which the product distribution and the y1elds are almest same as shown in Table 4 .
As shown in Scheme 8, the formation of both primary products (69) and (70) from (11) can be rationalized by the weakest nitrogen-oxygen bond fission in assumed intermediate (14a) followed by a hydrogen shift to (69) or a rulea-out for the formation of (14a)(ref. 24) (Scheme 8)~ If this were the case, the thermal conversion of ~ to 1,3-oxazepine (12) would occur as discussed above, and (12) should fead to 2-phenyl-3-hydroxypyridine (68) in addition to the pyrrole-derivatives. Since we have not been able to rfnd this readily isolable pyridinederivative (~), we conclude that 1,2-oxa~ zepine (14) and its valence isomer (14a) are the most plausible intermediate for the 1örmation of (69) and (70) in-the pyrolysis of (11) . The sharp centrast in the photochemiCal and tnermal reactions of the Drcyclo[3.2.0]hepta-3,6-diene system containing C=N~O group is noteworthy. In the pyrolyses of 1,3-oxazepine (12) and its valence isomer (13), the formation of 2-phenyl-3-hydroxypyridine-r68) is readily accounted for as being derived from epoxynorcaradiene (12a). The reaction mode parallels that of pyrolysis of (11) . Thus the cyclobutene ring opens to afford (12) , which is in equilibrium1With (12a) (Scheme 8). This understanding supports that both pyrolyses of (12) aiiCf"""(l3) proceed completely parallel each other. However, the mechanistrc interpretation for the formation of the assumed primary product, N·formyl pyrrole (70) is not straightforward. Sometimes ago we proposed that the reaction from (11) would be interrelated with that from (12) and (13) This rearrangement is probably not explained by the reaction path via az1r1-nyl styrylketone (79) unless a benzoyl migration from the carbon to carbon atom on the pyrrolering occurs. One of the attractive paths to explain the interchange between the substituents R1 and R2 is that proceeding via the cross-linked structure (80) followed by the bond cleavage at the 0-Cl and C6-C7 positions (or stepWTse one formally corresponding to (80)). To verify the assumption of such a cross-linked structure, additional pyrolysis experiments have been carried out using benz-1,3-oxazepine derivatives (~) (Scheme 10) under the same conditions. Upon the pyrolysis (81) produces indole derivatives (83), (84), (85), and 2-cyano-·3-hydroxyquinöTine (86) along with a recovery of"l81).-Contrary to this, the isomeric compound (ffi, which is different from (81) only in the positions fused with the benzene, is completely recovered unaer the same conditions (Scheme 10). These Observations might be accommodated in terms of the stability and the preferred cleavage of the cross-linked intermediate (81a) and (82a) and of the norcaradiene species (81b) and (82b). The poor yielcrs-of (8.6) may indicate that the quinonoid strücture (BIO) is less favored. On tne other hand, stability of (82) may be attributed to the high energy level of structures (82a) and (82b), Which must overcome the benzene ring aromaticity in addition to-the high-s-frain. Other examples are the pyrolyses of benzo-1,3-oxazepines (87) and (88), in which the expected indole derivatives (89), (90), and (91)are formecf with a recovery of the starting materials TScheme-11). It-should be added that the replacement of the cyano group in (81) with a phenyl group gives no effect in the observed product pattern, inaTcating of easy accession of the cross-· linked structures. As summarised in Scheme 9 -11, the pyro1ytic conversion of benzene-fused 1,3-oxazepines to indo1es requires higher temperatures than that of monocyclic 1,3-oxazepines leading to pyrrole derivatives, whereas polyphenyl derivatives such as (75) and (76) rearrange at lower temperatures. The pattern seems to be compatiblewith the reaction path involving the crosslinked structure, because the fused benzene ring raises the strain energy and the crowded phenyl groups tend to relieve the steric interference. In addition, it should be noted that dibenzo However, it shou1d be noted that the concerted (n 2 a + n 2 a) process is therma11y forbidden; a corresponding stepwise pathway therefore must be assumed. We endeavor to clarify the reaction mechanism in future.
